Background: Delayed cerebral thrombosis (DCT) is a devastating cerebrovascular complication in patients with excellent initial recovery of pneumococcal meningitis. The aetiology is unknown, but direct bacterial invasion, activation of coagulation or post-infectious immunoglobulin deposition has been suggested.
Background
Bacterial meningitis is a severe infection of the central nervous system that is most commonly caused by Streptococcus pneumoniae (pneumococcus; 70% of cases) [1, 2] . During invasive disease, bacterial nasopharyngeal epithelial adhesion is followed by bloodstream invasion [3] . After crossing the blood-brain barrier (BBB), bacteria multiply freely and trigger activation of immune cells, leading to a massive inflammatory response causing cerebral infarction or seizures and eventually death [4] . In a randomized controlled study, adjunctive antiinflammatory treatment with dexamethasone was shown to reduce unfavourable outcome with 10% [5, 6] . Implementation of this therapy led to a nationwide decrease in unfavourable outcome of 10% in the Netherlands [7] [8] [9] [10] . Nevertheless, case fatality is high (18-25%) and neurological sequelae occur in half of surviving patients [1, 11] .
In 2009, we described 6 patients with an excellent initial recovery after pneumococcal meningitis who suddenly deteriorated 7-14 days after admission due to multiple cerebral infarctions [12] . Autopsy in one patient showed an arterial thrombosis in the posterior circulation after which the complication was described as "delayed cerebral thrombosis". Further research showed that this delayed cerebral thrombosis (DCT) is a rare but devastating complication of bacterial meningitis occurring in 2-4% of patients with pneumococcal meningitis [12, 13] . DCT has been reported in 19 patients of whom 18 had pneumococcal meningitis and adjunctive dexamethasone therapy seems to be a predisposing condition [12, 14] . The theory was postulated that the immunosuppressive effect by dexamethasone during the first 4 days of meningitis treatment wears off after 7-14 days and bacterial fragments cause a resurgence of the inflammatory response. Besides this theory, other aetiologies have been suggested including direct bacterial invasion, activation of coagulation or a post-infectious immunoglobulin deposition [12, 13, [15] [16] [17] [18] . To get more insights in the aetiology of this complication, we performed neuropathological examination of brains of four patients with delayed cerebral thrombosis.
Methods

Patients
Patients with community-acquired pneumococcal meningitis in whom autopsy was performed between 1985 and 2016 were identified from two nationwide prospective cohort studies and in the neuropathology database of the Academic Medical Center, Amsterdam [5] . The pathology specimens and clinical data of these patients have been collected by MeninGene-PATH Biobank following the methods previously described [19] . Clinical information was studied by two neurologists for case selection of DCT (MCB and DvdB). Next, 8 pneumococcal meningitis patients were selected in whom autopsy was performed after at least 7 days of admission without the typical clinical presentation of initial improvement and deterioration thereafter were selected from the previous study (from here on referred to as non-DCT cases) [19] . For controls of the immunoglobulin staining, non-meningitis control cases without neuropathological abnormalities were chosen from the database of the Department of Neuropathology of the Academic Medical Center, Amsterdam. Histology slides, tissue blocks and autopsy reports were obtained. All the brain autopsies were carried out after receiving informed consent and tissue was obtained and used in accordance with the AMC Research Code and the Declaration of Helsinki.
Histopathology
The local pathologists examined the brains macroscopically. All brain slices were examined thoroughly with extra attention to areas with known abnormality from clinical and radiological investigation. Standard brain samples were taken according to the local protocol, and extra samples were taken from clinically relevant areas and grossly abnormal areas. Brain tissue samples were formalin-fixed and paraffin-embedded, followed by cutting and haematoxylin-eosin (HE) staining at the local institutes. All available slides and paraffin blocks were collected at the AMC. The availability of sampled brain regions (cortex, hippocampus, basal ganglia, brainstem, spinal cord, sagittal venous sinus, large vessels and meninges) for individual cases was documented. The slides were re-evaluated for meningeal and parenchymal infiltration of inflammatory cells, infarction, haemorrhage, abscess, inflammation of medium-large arteries in the meninges, small parenchymal vessels, thrombosis of arterial, venous and small vascular. These evaluations were scored as described in our previous study [19] . The age and extension of infarction and haemorrhage are documented in the brain areas concerned. For the histological evaluation, a Zeiss Axioskop light microscope with 6 object lenses of magnification of 2×, 4×, 10×, 20×, 40× and 100× and LED light source was used.
Immunohistology immunoglobulins
Paraffin blocks were cut in 5 µm thickness and mounted on the slides (StarFrost), followed by deparaffinization and rehydration. Blocking of endogenous peroxidase is performed in 0.3% hydrogen peroxide in methanol for 15 min. After antigen retrieval by boiling in 10 mM sodium citrate pH 6 for 10 min, the slides were incubated with 150 µl primary antibodies (rabbit, DAKO, IgA and IgG 1:32,000, IgM 1:16,000) for 60 min. The slides were then incubated for 30 min at room temperature with the ready-for-use PowerVision peroxidise system (HRP, Immunologic), followed by 10 min incubation with chromogen 3.3′-diaminobenzidine (DAB, Sigma), counterstaining with haematoxylin for 10 min and mounting with the coverslip. The slides were scanned with D. Sight fluo scanner/microscope (A. Menarini, Florence, Italy). The same arteries of consecutive slide sections were chosen to compare the amount of deposition of IgA, IgG and IgM immunoglobulins in the arterial layers of tunica intima, media and adventitia.
Immunofluorescence pneumococcal capsule
Paraffin blocks were cut in 6 µm thickness and mounted on the slides (StarFrost), followed by deparaffinization and rehydration. Blocking of endogenous peroxidase is performed in 0.3% hydrogen peroxide in methanol for 15 min. After antigen retrieval by boiling in 10 mM sodium citrate pH 6 for 10 min, slides were incubated with 150 µl primary antibody (Omni serum, 1:800 diluted, rabbit, Statens Serum Institute, Denmark) for 60 min. The slides were then incubated with 1:400 diluted fluorescent dye (Abcam, anti-rabbit) for 30 min. The slides were washed, air-dried and mounted with the coverslip with a DAPI mounting medium (Vectashield). The slides were visualized with D. Sight fluo scanner/ microscope (A. Menarini, Florence, Italy).
Results
Case descriptions
Patient 1 was a 39-year-old male who presented with fever, headache, aphasia and right-sided hemiparesis in 2003 (Table 1 ) [13] . He was treated with penicillin and dexamethasone. Cerebrospinal fluid (CSF) examination was consistent with bacterial meningitis, and CSF culture grew pneumococci, susceptible to penicillin. He showed an excellent clinical recovery with a normal neurological examination. However, at day 14 he developed headache and decreased level of consciousness prompting intubation and ICU admission. Cranial MRI showed multiple areas of cerebral infarction, including the thalami, brain stem and the parietal and occipital lobes. MRA of cerebral arteries shows dilatation of the basilar artery. Supportive care was withdrawn at day 32 after initial admission, after which the patient died.
Patient 2 was a 52-year-old male who presented with fever, headache and altered consciousness in 2006. He was treated with amoxicillin and dexamethasone. CSF examination was consistent with bacterial meningitis, and CSF culture grew pneumococci, susceptible to penicillin. The patient gradually improved over 1 week. On day 10 the patient suddenly deteriorated with a decreased level of consciousness prompting intubation and ICU admission. Cranial MRI showed extensive infarction of the brain stem, cerebellum, basal ganglia and temporal lobes with normal flow in the basilar artery. Supportive care was withdrawn at day 12, and the patient died.
Patient 3 was a 73-year-old male who presented with earache, fever and altered consciousness in 2008 [13] . On admission, he had neck stiffness, global aphasia and gaze deviation to the left. He was treated with penicillin and dexamethasone. CSF examination was consistent with bacterial meningitis, and CSF culture grew pneumococci, susceptible to penicillin. Over the next few days, the patient improved. On day 6, he was awake, alert and ambulating. However, on day 7, fever recurred and he developed gait impairment. On day 8, his level of consciousness started to fluctuate, with intermittent dysconjugate eye movements. On day 12, cranial MRI showed multiple areas of cerebral infarction in brainstem and cerebral hemispheres. Supportive care was withdrawn at day 25, and the patient died.
Patient 4 was a 68-year-old female who presented with a shoulder pain, fever and altered consciousness in 2016. She was treated with ceftriaxone, amoxicillin and dexamethasone. CSF examination showed normal leucocyte count, with low glucose and high protein levels.
CSF culture grew pneumococci, susceptible to penicillin. She completely recovered on a week. On day 6, she deteriorated with a decreased level of consciousness. Cranial MRI showed cerebral infarctions in brain stem, thalamus and on several locations in both cerebral hemispheres. MRA taken on the same day demonstrated convolution of basilar artery. Supportive care was withdrawn at day 16, and the patient died.
Histopathology of cases
We had an average number of 16 brain slides per DCT case, range 17-20 slides. In all cases, cortex, basal ganglia (except patient 3), hippocampus, cerebellum, mesencephalon, pons and medulla oblongata were sampled. In two cases, large cerebral arteries including the basilar artery were sampled. The mean age of the non-DCT meningitis patients was 70 years (range 46-88; 4 women) which was comparable with DCT patients (median 54; range 39-73). The cause of death among non-DCT meningitis patients was known in 7 patients and attributed to systemic complications in 6 patients (86%). Three died due to respiratory failure or pneumonia, and myocardial infarction, ruptured aneurysm of the abdominal aorta and septic shock were the cause of death in 1 patient each. Histopathology of brains of these patients has been described previously [19] . We had an average number of 13 slides of these non-DCT meningitis patients (range 11-15). As non-meningitis controls, 3 cases were selected who all died of ischaemic heart disease.
Histopathology in patient 1 showed minor chronic meningeal inflammation with scanty presence of macrophages, old infarctions in temporal/parietal cortex, basal ganglia, thalamus, mesencephalon, pons, medullar oblongata and cerebellum with clearance by macrophages and no active vascular inflammation (Table 2) . Thrombosis with organization was seen, but only in small arteries (Fig. 1a) . The basilar artery of this patient showed dilatation with irregular thickening of endothelial layer and disruption of elastic layer without inflammation (Fig. 1b) . There were small focal haemorrhages.
In patient 2 active inflammation of the meninges was seen with a predominance of neutrophils (Fig. 1c) . There were recent infarctions in the basal ganglia (Fig. 1d) , brainstem and cerebellum with only focal minor infiltration of neutrophils. The meningeal arteries in the brainstem and cerebellum were severely inflamed with neutrophil infiltration, often with profound vascular destruction (Fig. 1c) . Thrombosis in the arteries was observed with vascular inflammation and small focal haemorrhages. A small abscess (diameter 2 mm) in basal ganglia and focal neutrophil infiltration of ventricle were seen. Patient 3 showed chronic active inflammation in meninges with mixed population of neutrophils and macrophages. There were extensive infarctions in the cortex, basal ganglia, cerebellum, hippocampus and mesencephalon, both recent and of older date. Severe inflammation of larger meningeal arteries with circular thickening of intima (Fig. 1e) was seen with vascular obstruction and destruction and small focal haemorrhages. The smaller arteries showed thrombosis with inflammation (Fig. 1f ) . Ventricles showed focal infiltration of neutrophils.
Patient 4 showed chronic active inflammation in meninges with the presence of neutrophils mixed with macrophages. There were infarctions present in the frontal lobe, basal ganglia, thalamus, internal capsule, mesencephalon, pons and cerebellum. Meningeal arteries at the sites of meningeal pus pockets in the frontal lobe and cerebellum showed severe inflammation, destruction and obstruction (Fig. 1g) . The basilar artery was heavily inflamed with dilatation, irregular thickening of endothelial layer and disruption of elastic layer, infiltrated by neutrophils, macrophages and lymphocytes, and thromboembolism was present with small focal haemorrhages (Fig. 1h) . The left medial cerebral artery showed thrombosis and focal mild neutrophil infiltration in intima.
Pathological findings identified in the DCT cases were compared with non-DCT meningitis (Table 2) [12, 13] . All had leucocyte infiltrations, arterial inflammation (except for DCT patient 1), cerebral haemorrhage and infarction. Arterial thrombosis was present in both groups, and extensive infarction in the brainstem, basal ganglia and posterior circulation area were observed in 4 of 4 DCT patients (100%) versus 4 of 8 (50%) of the non-DCT meningitis cases. Two of the 4 DCT patients had basilar artery dilation. None of the non-DCT patients was reported to have basilar artery dilation at original autopsy. Total meningitis pathology scores ranged from 10 to 35 for DCT patients (median, 16) and from 7 to 30 for non-DCT patients (median, 18).
Immunohistology immunoglobulins
To explore whether delayed cerebral thrombosis is mediated by immune complex deposition, we performed an IgG, IgM and IgA staining. The non-meningitis control cases showed variable immune complex deposition with no deposition in the first non-meningitis control (Fig. 2a-c) , IgG deposition in tunica intima and adventitia in the arteries in a second non-meningitis control case (Fig. 2d-f ) and deposition of IgG in all layers and IgM and IgA in the intima and adventitia in the third non-meningitis control (Fig. 2g-i) . There was no difference in immunoglobulin deposition patterns between the non-DCT meningitis and DCT cases. All meningitis cases showed deposition of IgM, IgG and IgA, in the tunica intima and adventitia and occasionally also in the media. The highest density was seen with IgM, whereas IgG density was less and IgA was weak or absent in meningitis cases (Fig. 2j-l) . The immunoglobulin deposition was present in the arteries with inflammation, but it was also observed in the arteries without inflammation, occasionally in all three arterial layers (Fig. 2m-o) .
Immunofluorescence staining of pneumococcal capsule
The presence of pneumococcal capsule was seen in the meninges of all four DCT cases, represented by circular enhancement in immunofluorescent (IF) staining. In the meninges, one patient (patient 2, Fig. 3a) showed abundance of pneumococcal capsules, two patients moderate amount (patient 3 and 4, Fig. 3b, c) and one case sporadic presence of pneumococcal capsule (case 1, Fig. 3d ). The pneumococcal capsules were located either isolated or as groups in the cytoplasm of inflammatory cells or extracellularly. The pneumococcal capsules were identified abundantly in the thromboembolism of basilar artery of case 4 (Fig. 3e) . A variable amount of pneumococcal capsules was observed in the non-DCT meningitis cases, ranging from abundant (Fig. 3f ) to almost none, with the majority of cases demonstrating a moderate amount.
Discussion
We present four patients with pneumococcal meningitis complicated by DCT. All DCT patients made a good or excellent recovery in the first week of admission and subsequently deteriorated. Histopathology showed arterial inflammation in all patients and multiple cerebral infarcts in cortex, basal ganglia, cerebellum and brain stem. Half of DCT patients had basilar artery dilatation, an unusual finding in bacterial meningitis that was not observed in the non-DCT cases. The fusiform basilar artery dilatation in the course of bacterial meningitis found in two DCT cases is consistent with the diagnosis of infectious intracranial aneurysm, also known as mycotic aneurysm [20] . Infectious intracranial aneurysms are rare, localized, cerebrovascular lesions that make up 0.7-5.4% of all intracranial aneurysms [21] . The majority of cases (65%) occur in the context of bacterial infectious endocarditis, and meningitis is estimated to be the cause of 5% of infectious intracranial aneurysms [20] . There are few case reports of infectious intracranial aneurysms in pneumococcal meningitis which describe both saccular and fusiform aneurysms [22, 23] . One of our DCT cases showed thrombosis in the basilar aneurysm and its branches which caused the infarction. The origin of the thrombosis cannot be traced, but an embolus or Fig. 3 Immunofluorescent analysis pneumococcal capsules of DCT patients and control meningitis patients. a-e DCT cases with the presence of various amount of intact pneumococcal capsules (a arrow). In case 1 (a), pneumococcal capsules were present sporadically. In case 2 (b), abundant presence of pneumococcal capsules was observed. In case 3 (c) and case 4 (d), a moderate amount was seen. In the thromboembolus of the basilar artery of the case 4 (e), large groups of bacteria were present (arrow) in addition to isolated bacteria (with mix of macrophages and neutrophils). The group of bacteria was enlarged in inlet. f Abundant presence of pneumococcal capsules in a control meningitis case even spontaneous thrombosis of intracranial aneurysm could be suspected [24] , especially in the setting of vascular inflammation [25] .
Previously published cases describe bleeding from the aneurysm during the course of bacterial meningitis as cause of secondary deterioration, which was not observed in our DCT cases. Our observation stresses the need of imaging using MR angiography to detect infectious aneurysms or more generalized cerebral vasculopathy in patients with bacterial meningitis and clinical deterioration. Described treatment for DCT so far mostly consisted of high-dose steroids to suppress the supposed resurging inflammatory response [12, 13] . Although platelet aggregation inhibitors could be suggested to reduce the risk of thrombosis in all meningitis patients, it is difficult to test whether this treatment is beneficial in such a rare complication. Anticoagulant treatment has previously been associated with increased risk of cerebral haemorrhage in bacterial meningitis and should be avoided [26] .
Histopathological findings of delayed cerebral thrombosis resembled arterial inflammation in acute necrotizing vasculitis with fibrinoid necrosis seen in type III hypersensitivity vasculitis [27] . Type III hypersensitivity occurs when there is accumulation of immune complexes (antigen-antibody complexes) that have not been adequately cleared by innate immune cells, giving rise to an inflammatory response and attraction of leucocytes. Indeed, immunoglobulin staining of the meningitis cases showed distinctive increased deposit of IgM and IgG (IgM > IgG) in arteries as compared to the non-meningitis control cases, suggesting some sort of role of antigeninduced vasculitis in pneumococcal meningitis. However, we observed no difference in immunoglobulin deposition patterns between the control meningitis and delayed cerebral thrombosis cases, suggesting that accumulation of immune complexes is not the key driver of delayed cerebral thrombosis.
We used anti-pneumococcal capsule antibody to demonstrate the presence of pneumococcal cell wall components with circular enhancement in all meningitis cases with considerable differences in density. Groups of intact capsules were present in the cytoplasm of inflammatory cells, and isolated ones seemed to be present extracellularly. We did not observe gross differences in the presence of pneumococcal capsule between patients with and without DCT. In a previous post-mortem study, including 14 patients with pneumococcal meningitis, S. pneumoniae has been detected using Gram and silver staining in the subarachnoid, perivascular and ventricular spaces, but not within the brain parenchyma [28] . The presence of pneumococcal capsule in CSF and brain up to 35 days after initiation of antibiotic treatment may be suggested to be a source for an ongoing (or resurging) inflammatory response. The lack of bacterial growth in repeated CSF cultures in DCT patients argues against ongoing bacterial infection [12] . As the pneumococcal capsules were observed in patients with and without DCT, it cannot be the only mechanism leading to DCT. Previously, we described complement factor 5a to be higher in DCT patients and identified genetic variation in the complement factor 5 gene to influence disease course [12, 29] . Potentially, the pneumococcal capsules only elicit a severe secondary inflammatory response in patients genetically prone to be pro-inflammatory. DCT is a rare but devastating complication of bacterial meningitis. Adjunctive dexamethasone therapy seems to predispose patients with bacterial meningitis to this complication [12] . Infective intracranial aneurysms may be found in DCT patients although the consequences of this finding is unclear as it may be a marker of a more general cerebral vasculopathy or lead to direct infectious thromboembolisms. No evidence for accumulation of immune complexes or bacteria in blood vessels, or for infectious vasculitis, was found as explanation for the secondary deterioration and massive cerebral infarction of these patients. We observed pneumococcal cell wall components up to 35 days after start of antibiotics treatment that may be a source of ongoing or resurging inflammation. Although speculative, our findings indicate a persistent pro-inflammatory reaction that initially is suppressed by adjunctive dexamethasone treatment. Additional immunosuppressive treatment may therefore be beneficial in DCT patients, as previously suggested.
